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The seasonal variability of phytoplankton biomass in 
the Arabian Sea, though a well researched topic, its 
inter-annual variability is less explored and under-
stood. Analysis of the satellite-derived chlorophyll 
pigment concentration in the Arabian Sea during 
1997–2007 showed a weak increasing trend. Contrary 
to the earlier hypothesis, our analysis showed that this 
increased phytoplankton biomass was not driven by 
the strengthening winds during summer monsoon. In 
fact, the basin-averaged chlorophyll concentrations 
during summer monsoon tend to decline, whereas 
those in September–October and during the winter 
monsoon showed an increasing trend. Based on the 
analysis of wind and aerosol optical thickness data, we 
attribute the increased phytoplankton biomass during 
September–October to dust-induced iron fertilization 
when there is sufficient buildup of nitrate in the upper 
ocean. During winter, the enhanced evaporative cool-
ing under the strengthening winds led to the increased 
convective mixing. Subsequent supply of subsurface 
nutrients to the euphotic zone coupled with the  
increased dust delivery support the observed increase 
in phytoplankton biomass during winter. 
 
Keywords: Aerosol optical thickness, chlorophyll pig-
ment concentration, iron fertilization, monsoon wind,  
nutrients, upwelling. 
 
THE Arabian Sea is one of the most biologically produc-
tive regions of the world oceans1. Being in the tropical 
region and subjected to seasonally reversing monsoonal 
wind system, the biological productivity of the basin 
shows strong seasonality with blooms occurring in summer 
monsoon (June–August) and winter monsoon (Decem-
ber–February). The summer bloom is driven by upwelling 
along the coasts of Somalia, Arabia and the southern 
parts of the west coast of India2–4. In addition to coastal 
upwelling, processes such as wind-mixing, lateral advec-
tion, Ekman pumping, mesoscale eddies and filaments 
(see Lee et al.5 and the references therein) also play an 
important role in supplying nutrients to the euphotic zone 
during summer. The winter bloom occurs due to winter-
cooling and convective mixing6–9. During spring-inter 
monsoon (March–May) these waters are largely oligotro-
phic with very low chlorophyll pigment concentrations, 
whereas the fall-intermonsoon (September–November) 
representing the tapering phase of the summer monsoon 
sees rapidly declining chlorophyll pigment concentra-
tions. The seasonality of the phytoplankton blooms and 
the associated high biological productivity of the Arabian 
Sea are well researched and understood phenomena (see 
for e.g. Banse6, Smith10 and the references therein, 
Prasanna Kumar et al.11, Wiggert et al.12). However, the 
inter-annual variability of the phytoplankton biomass in 
the Arabian Sea remains less explored and understood. In 
a recent study, Goes et al.13 argued that the increase in 
the phytoplankton biomass in the western Arabian Sea 
during 1997–2003 was driven by the strengthening of 
surface winds and enhanced upwelling due to the 
strengthening of the land–ocean thermal gradient associ-
ated with declining winter and spring snow cover over 
Eurasia. Subsequently, Prakash and Ramesh14 showed 
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that the chlorophyll concentration in the northeastern 
Arabian Sea had not changed significantly during 1997–
2005 and argued that the proposal of increased phyto-
plankton biomass in the western Arabian Sea due to 
global warming13 was untenable as any change in the 
monsoonal pattern from the land–sea thermal contrast 
should affect the northern Arabian Sea more because of 
its proximity to the Himalayas, which is not seen from 
their analysis. This was the motivation behind the present 
study. Since the Arabian Sea has a strong seasonal signal 
and the amplitude varies spatially, we chose to use the 
data for the entire Arabian Sea rather than selecting a parti-
cular region. We then analysed the data in accordance 
with the seasons that support the enhanced biological 
productivity to understand the mechanisms that support 
increased phytoplankton biomass during 1997–2007. 
 The data on chlorophyll pigment concentration and 
aerosol optical thickness at 865 nm between 5–25°N and 
45–80°E in the Arabian Sea were extracted from the sea-
viewing wide field-of-view sensor (SeaWiFS) (ftp:// 
oceans.gsfc.nasa.gov/SeaWiFS/Mapped/Monthly) during 
the period September 1997 to February 2007, which is 
the global 9 km monthly product. The pigment concentra-
tion maps usually show a red band along the coasts. This 
is largely due to sediments and should be neglected. For 
the present analysis, we have eliminated data within one-
third of a degree from the coasts. Similarly, the monthly 
mean wind data were obtained from the Tropical Rain 
Measuring Mission (TRMM) Microwave Imager (TMI) 
(http://apdrc.soest.hawaii.edu/las/servlets/dataset?catitem
=934) for the period December 1997 to February 2007 
which is global 0.25 degree product. We also used  
QuikSCAT winds available during 1999–2005 (http:// 
www.ssmi.com) to ascertain the robustness of the infer-
ence derived from the wind data. From these data, the  
basin-averaged monthly mean and the seasonal mean for 
summer and winter monsoons were computed. Summer 
mean was computed by averaging from June to August, 
whereas for winter mean from December to February 
were considered. The National Centers for Environmental  
Prediction/National Center for Atmospheric Research 
(NCEP/NCAR) reanalysis winds15 were used to generate 
the monthly mean climatology. The Hamburg Ocean  
Atmosphere Parameters and Fluxes from Satellite Data 
(HOAPS) at 0.5 degree spatial resolution16 were used for 
the computation of basin-averaged winter mean evapora-
tion. A linear trend line was fitted to all the given data, 
except for QuikSCAT winds, and the correlation coeffi-
cient (r2) as well as the probability value (P-value) was 
determined. 
 The basin-averaged monthly mean satellite-derived 
chlorophyll pigment concentration in the Arabian Sea 
during 1997–2007 showed a strong seasonality with a 
primary peak in August followed by a secondary peak in 
February (Figure 1 a) representing the signature of sum-
mer and winter phytoplankton blooms. The primary peak 
of chlorophyll pigment concentration during summer 
monsoon showed a large variability, while the secondary 
peak in winter monsoon did not show much change. Note 
that the month of occurrence of the primary peak until 
2001 was August, which shifted to September from 2002 
until 2006. However, during 2003 and 2004 the chloro-
phyll pigment concentrations in August and September 
were the same. The linear trend line showed a weakly-
increasing trend. To understand what contributed to the 
weakly-increasing trend and the shift in the peak from 
August to September, we analysed the seasonal mean 
during summer and winter monsoons with the monthly 
mean for September and October (Figure 1 b and c). The 
summer chlorophyll pigment concentration showed a de-
clining trend (~ 0.95–0.8 mg/m3) during 1997–2006 (Fig-
ure 1 b), while that in winter showed a marginal increase 
(from less than 0.6–0.65 mg/m3, Figure 1 c). In contrast, a 
substantial increase in the pigment concentration (~0.8–
1.3 mg/m3) was noticed during September (Figure 1 b), 
 
 
 
 
Figure 1. Basin-averaged chlorophyll pigment concentrations (mg/ 
m3) derived from SeaWiFS. a, Monthly mean during September 1997 
to February 2007. b, Summer mean (averaged for June to August, JJA) 
(black line) and September (red line). c, October (blue line) and winter 
mean (averaged during December to February, DJF) (green line). The 
dashed line in all the diagrams indicates the linear trend line. The  
alphabets A and S over the peaks in (a) represent August and Septem-
ber respectively. 
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Figure 2. Basin-averaged (left panels) wind speed (m/s) and (right panels) aerosol optical thickness for (a, e) summer 
(averaged for June to August, JJA), (b, f ) September, (c, g) October and (d, h) winter (averaged for December to Febru-
ary, DJF). The dashed line in all the diagrams indicates the linear trend line. Winds are from TMI (filled circles) and 
QuikSCAT (open circles). Note that the QuikSCAT winds are during 1999–2005. See text for details. The trend lines in 
a–d are based only on the filled circles. 
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followed by October (~ 0.6–0.75 mg/m3, Figure 1 c). This 
amounted to an increase of about 6.97% per year in the 
September mean chlorophyll pigment concentration  
(P-value of 0.02 and r2 = 0.51), while that in October was 
about 4.52% per year (P-value of 0.01 and r2 = 0.58). 
Thus, from the given analysis it is clear that the increase 
in the chlorophyll pigment during September, October 
and the winter monsoon months contributed to the 
weakly-increasing trend during 1997–2007. 
 In order to understand the process responsible for the 
increased chlorophyll we analysed the TMI wind data. 
The basin-averaged winds showed an increasing trend in 
later years during both summer and winter monsoons, 
with the latter being more pronounced (Figure 2 a and d). 
For example, in summer the average wind during the sec-
ond half of the period was about 0.06 m/s stronger than 
that of the first half. In winter, the average wind during 
the second half was about 0.1 m/s stronger than that of 
the first half. In contrast, the winds during September and 
October showed a decreasing trend in later years (Figure 
2 b and c). These inferences were consistent with data 
from the QuikSCAT winds (open circles in Figure 2). 
This indicated that the summer monsoon winds were  
unable to drive an increase in either upwelling or wind-
driven mixing, both of which are capable of supplying 
nutrients to the upper ocean. In contrast, the increased 
winter monsoon winds (Figure 2 d) tended to be corre-
lated with increased chlorophyll. This could be explained 
as follows. The trade winds during winter are of conti-
nental origin and hence dry. With the decadal increase in 
the wind speed during winter, one would expect an in-
crease in the evaporative cooling and subsequent increase 
in the convective mixing8. The evaporative cooling leads 
to the creation of heavier surface water mass and its  
detrainment into subsurface layer initiates deep mixing. 
An examination of HOAPS data showed a significant in-
crease of evaporation during winter from 1997 to 2004 
(Figure 3). This in turn could inject more nutrients to the 
upper ocean from the nutricline by deeper convection in 
the water column. However, the increased chlorophyll 
pigment concentrations during September and October 
could not be explained in the context of the wind. Thus, 
from the analysis of wind and chlorophyll data, we con-
clude that the pigment concentration increasing with 
years was not driven by the strengthening of summer 
monsoon winds as hypothesized by Goes et al.13. The  
observed decadal increase in the chlorophyll pigment 
concentration during September, October and in winter 
would need another explanation. Since atmospheric dust 
influences the aerosol optical depth17, we analysed the 
aerosol optical thickness from the SeaWiFS, which 
showed a weakly decreasing trend during summer (Figure 
2 e) and an increasing trend during September, October 
(Figure 2 f and g) and winter (Figure 2 h) (see strong P-
values). Since the wind speed during September and Oc-
tober showed a decreasing trend, the increase in aerosol 
optical thickness during this period cannot be attributed 
to the increase in salt spray. This suggests the possible 
role of atmospheric dust input in regulating the observed 
phytoplankton pigment concentrations during September, 
October and in winter. It could be explained by the  
seasonal change in the basin-scale wind pattern. 
 During summer monsoon (June to August) the low-
level atmospheric Findlater jet18, with a broad region of 
strong southwesterly winds with remarkable steadiness in 
the direction and strength, blows from the ocean onto the 
continent (Figure 4). At this time of the year, the strong 
upwelling along the coasts of Somalia, Arabia and the 
southwest coast of India supplies nutrients to the upper 
ocean and sustains summer blooms2,6. Wiggert and Mur-
tugudde19 using the model studies suggested that the con-
tinuous build up of macronutrients during the summer 
monsoon due to upwelling may lead to subsequent iron 
limitation, which in turn limits the phytoplankton growth. 
Though the Arabian Sea is in close proximity to the  
major desert regions, the Findlater jet acts as a barrier to 
the direct transport of dust from the desert source regions 
in the north/northwest20 into the Arabian Sea. Thus, with 
the progress of the upwelling and summer monsoon as 
the Findalter jet cuts off the dust input to the Arabian 
Sea, the phytoplankton growth becomes iron-limited. 
This leads to the underutilization of macronutrients such 
as nitrate and its buildup in the upper ocean. As the sum-
mer-monsoon tapers off, the wind direction changes from 
southwesterly to north/northwesterly during September–
October, followed by north/northeasterly winds in winter 
(see the shaded region in Figure 4). These winds of conti-
nental origin may be capable of supplying the much-needed 
iron to the upper ocean via increased dust-delivery. Thus, 
the observed increase in the phytoplankton during  
September–October and in winter may well have been 
triggered by the dust induced iron fertilization. 
 
 
 
 
Figure 3. Basin-averaged evaporation (mm/day) during winter (aver-
aged for December to February, DJF) from HOAPS data in the Arabian 
Sea. The dashed line is the linear trend line. 
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Figure 4. Monthly mean climatology of winds during June to January in the Arabian Sea from NCEP/NCAR re-analysis data. 
Note the change in the direction of the winds in the shaded panels. These winds of the continental origin are capable of transport-
ing dust into the Arabian Sea. 
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 The analysis of chlorophyll pigment concentration data 
during September 1997 to February 2007 in the Arabian 
Sea revealed a weak increasing trend over the years. Con-
trary to the earlier studies of Goes et al.13, our study sug-
gests that the basin-averaged increase in chlorophyll 
pigment concentration resulted from the increase during 
September–October and winter rather than summer. Dur-
ing summer monsoon, the upwelling in the Arabian Sea is 
able to supply nutrients to the upper ocean which sustains 
high biological productivity. It is during this period that 
the Findlater jet, with its broad region of strong south-
westerly winds, acts as a barrier to the direct transport of 
dust from the desert source regions in the north/northwest 
into the Arabian Sea. With the continuous supply of macro-
nutrients and the lack of dust input from the northwestern 
desert regions of the Arabian Sea, the phytoplankton 
growth may be limited by the lack of micronutrients such 
as iron. As the season changes and monsoon winds taper 
off, the wind direction changes from southwesterly to 
north/northwesterly during September–October and then 
to northeasterly in winter. These winds of continental 
origin are capable of supplying the dust to the Arabian 
Sea and thereby triggers the iron induced fertilization 
during September–October. In winter, the increased 
strength of the winds drives enhanced evaporative-
cooling which in turn strengthens the convective mixing. 
This results in the enhanced nutrient supply to the  
euphotic zone from the subsurface and the increased dust 
input during winter, which augments the much needed 
iron, supporting the increased phytoplankton biomass. 
 As a concluding remark, we would like to add that our 
approach was based on the consideration that the changes 
in the chlorophyll concentrations can be understood by 
considering the resources driving the growth rates such as 
nutrients, light, etc. There is, however, always a top-
down regulation, a delicate balance between growth and 
mortality from grazing and virus kills, which cannot be 
estimated from satellites. 
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